Introduction
Antioxidants are molecules that can inhibit or reverse oxidative damage and are essential to the maintenance of biological systems by minimizing oxidative stress. 1 The lipophilic vitamin E class of molecules is the major lipid soluble, peroxyl-radical trapping, chain breaking antioxidant in blood plasma, [2] [3] [4] and in normal and cancerous tissues. 5 There are four variants that constitute naturally occurring vitamin E, denoted α-, β-, γ-, and δ-tocopherol. The most important biological function of vitamin E is as a peroxyl radical scavenger 6 in which a hydrogen atom is transferred from the phenol group to generate the resonance stabilised tocopheroxyl radical, Toc  . The structures of the four tocopheroxyl radicals are shown in Figure 1 , where δ-Toc  is the simplest structural unit with only the R 1 position methylated. The β-and γ-Toc  have a second methyl group in one of the two available ortho-sites relative to the phenolic oxygen (R 2 or R 3 ), while the ring is fully methylated for α-Toc  .
The antioxidant action of the tocopherols has been attributed to interruption of the propagation of lipid peroxyl radicals (LOO  ), by instead forming Toc  , thereby inhibiting the peroxidation process that would otherwise result in membrane damage to cells. 7 Once formed, Toc  is relatively unreactive and does not propagate in the same way as the lipid peroxyl free radical. 8 The mechanism has been extensively studied and can be expressed as, [8] [9] [10] [11] LOO  + TocH
where TocH is the tocopherol with the phenolic hydrogen present. This reaction proceeds much faster than propagation reactions with unperoxidised lipids, due to a higher propensity of hydrogen donation in TocH, which can be attributed to a reduced bond dissociation and is the only tocopherol that meets human vitamin E requirements. 6 The β-and γ-TocH are only slightly less reactive and have no significant differences in reactivity to one another.
Finally, δ-TocH is the least reactive member, reflected in a reduced rate constant. 8 TocH molecules primarily protect unsaturated fatty acids against oxidative damage and neoplastic transformation, arising from oxygen-derived radicals and nitrogen oxides, respectively. The α-TocH exhibits an enhanced bioactivity with respect to the oxygen radicals, whereas γ-TocH shows superior and unique reactivity towards NO 2 . 13 Furthermore, it has been proposed that γ-TocH has an additional specific chemical role, disparate to radical scavenging; it can trap electrophilic mutagens in lipophilic compartments due to its nucleophilic properties. 14 A common electrophilic mutagen is peroxynitrite and, through scavenging this mutagen, γ-TocH can protect proteins, lipids and DNA from peroxynitrite-dependent stress.
A comprehensive survey 15 of the effect of ring substituents on chain breaking phenolic antioxidants determined that the reaction is enhanced by a 4-methoxy group and methyl groups in the remaining 2-, 3-, 5-, and 6-positions. The phenoxyl oxygen is drastically hindered from participating in further chain transfer reactions through both steric shielding by methyl groups in both 2-and 3-positions and by the electron-donating methoxy group in the 4-position. The reactive moiety of the TocH is the phenolic fragment of the molecule, yet TocH is much more reactive toward peroxy radicals than other structurally related compounds. This difference is attributed to a steric imposition on rotational motion, which maximizes the overlap between the lone pair of the methoxy group with the radical in Toc  , experimentally confirmed by electron spin resonance. 8 The interaction of the oxygen lone pair with the radical increases the inherent stability of Toc  and the rate of hydrogen transfer from TocH. Despite the wealth of information gained over many decades about the reactivity and stability of TocH and Toc  , fundamental properties such as the electron affinity of Toc  , and its electronic structure are poorly quantified. Characterisation of these properties can provide insight into the dissociation energy of the Toc-H bond. These physical properties pertain directly to the antioxidant nature of vitamin E. In the present work, we have studied the electronic structure of the Toc  using anion photoelectron (PE) imaging and quantum calculations. Specifically, PE spectroscopy of the deprotonated anion of the parent TocH molecule provides the electron affinity of Toc  as well as information about its excited states and, when combined with quantum calculations, can provide insight into the electronic structure of Toc  . The latter is particularly insightful when considering its reactivity as a chain-breaking antioxidant.
Experimental
The experimental setup and methodology has been previously described in detail, 16, 17 and only details relevant to the current experiment are provided. A sample of mixed α-, β-, γ-and δ-TocH (Sigma Aldrich, Food grade, Kosher) was used without further purification.
Isolated deprotonated anions of TocH, Toc -, were produced by electrospray ionisation of a ~1 mM solution in MeOH. The ionisation source was coupled to vacuum by a transfer capillary and the anions were subsequently trapped in a home-built radio frequency ring-electrode ion trap. The ion packet was pulsed out of the trap at a rate of 10 Hz. Ion packets were mass separated using time-of-flight and at the focus of the mass-spectrometer, the mass-selected ion packet was irradiated. The interaction region is situated at the centre of a velocity-mapimaging 18 PE spectrometer. 19 The mass spectrum showed well-separated peaks from δ-Toc -(m/z = 401.7) and α-Toc -(m/z = 429.7). As β-and γ-Toc -(m/z = 415.7) are mass-degenerate, the PE spectra of this mass-selected ion packet contain both species. The isolated x-Toc -(where x is α, β/γ, or δ) ion packet was irradiated by nanosecond laser pulses at 3.88 eV (320 nm), generated by an optical parametric oscillator (Horizon I, Continuum) pumped by an Nd:YAG laser (Surelite-II, Continuum). The photoelectron velocity-mapped images were measured using a dual multichannel-plate detector coupled to a phosphor screen, which was monitored using a CCD camera. Raw PE images were deconvoluted using the polar-onion peeling algorithm 20 in order to extract the PE spectra and PE angular distributions. PE spectra were calibrated from the atomic I -spectrum and have a resolution of ~5%.
Computational Details
Density functional theory (DFT) calculations were performed using the Gaussian 09 computational package. 21 DFT calculations used both the CAM-B3LYP 22 and ωB97XD The primary role of the phytyl moiety (C 16 H 33 ) is to increase the solubility of Toc  in lipid membranes and, as such, has only a minor role in the antioxidant activity of Toc  .
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Although all experimental work refers to the full Toc  structures, the phytyl chain dramatically increases the computational cost, so was reduced to a methyl group in all calculations herein. For the α-TocH this reduction in chain length makes the molecule chemically equivalent to 2,2,5,7,8-pentamethyl-6-hydrochromane, which has been shown to 6 have a similar reactivity profile to α-Toc, 8 indicating that that the antioxidant reactivity of the molecules is predominantly determined by the chromane moiety. Hence, the removal of the phytyl chain for computational tractability is expected to yield results directly comparable with the full tocopherols.
Results
PE spectra recorded at 3.88 eV (320 nm) for α-Toc -, β/γ-Toc -, and δ-Toc -are shown in Figure 2 . The PE spectra for the three x-Toc -are broadly similar. They all have a PE feature with an electron binding energy (eBE) peaking around 2.2 eV. The PE spectrum for β/γ-Toc -has an additional feature at higher binding energy, peaking around eBE ~ 3.4 eV.
The experimental vertical detachment energy (VDE) corresponds to the peak position of the lowest eBE feature. The adiabatic detachment energy (ADE) has been estimated by extrapolating the lowest eBE edge. 28 These values for the different x-Toc -species are summarised in Table 1 and show that both the VDE and ADE increase with decreasing methyl substitutions on the phenoxyl ring.
In addition to the spectral information, PE imaging provides PE angular distributions associated with the photodetachment. In the imaging reconstruction, PE angular distributions, I(), are quantified using the conventional β 2 parameter
where  is the angle between the polarisation vector of the light and the PE ejection direction.
The β 2 parameters averaged over the direct photodetachment band for each of x-Toc -are given in Table 1 . For α-Toc -and β/γ-Toc -, β 2 ~ 0, which corresponds to an isotropic electron ejection. For δ-Toc -, β 2 is negative, corresponding to an electron ejection that is predominantly perpendicular to the laser polarisation axis. The β 2 parameters for each of xToc -are constant over the direct photodetachment band.
Results of DFT calculations on x-Toc -are summarised in Table 1 . Vibrational frequency calculations allowed the simulation of the photodetachment spectra for all four of the x-Toc -and provided guidance as to whether or not the β-Toc -and γ-Toc -that are indistinguishable by mass could be distinguished in the PE spectra. The simulated PE spectra are included in Figure 2 and show that, although there are slight differences in the calculated ADE (see Table 1 ), these are well within the spectral width of the experimental PE peaks.
The similarities in the calculated PE spectra of β-Toc -and γ-Toc -, which also look very similar to those of α-Toc -and δ-Toc -, demonstrate the minor effect of position of a methyl groups on the ADE. While a single dominant PE feature was observed for α-Toc -and δ-Toc -, an additional peak at higher binding energies was seen in the PE spectrum of β/γ-Toc -.
An accompanying change in the β 2 parameter (-0.24 ± 0.14) was observed across this PE peak. TD-DFT calculations identified doublet excited states of neutral x-Toc  all at ~1.5 eV above the neutral ground state.
Discussion
Both the PE spectra and DFT calculations show that there is a small increase in VDE and ADE with the decreasing number of methyl groups on the phenoxyl ring. The main reason for these small changes can be inferred from the molecular orbitals (MOs) from which the electron is removed. In Figure 3 , the highest occupied MO (HOMO) is shown for the four x-Toc -derivatives. The direct detachment feature at highest binding energy corresponds to the loss of an electron from the doubly-occupied HOMO in the anion -see Figure 4 . The density of the HOMO is localised primarily on the phenoxyl ring with a small contribution on the methoxy group in the nonaromatic ring. The HOMO has the appearance of a quinoidal 8 MO because of the chromane moiety and the stability of the radical arises from the resonance stabilisation of the quinone structure. 30 The modest increase in VDE and ADE is attributed to the small electron density of the HOMO on the methyl groups.
Additional experimental evidence that some of the HOMO density resides on the methyl groups can be tentatively gained from the PE angular distributions. Although none of the x-Toc -molecular geometries contain a symmetry axis and would typically lead to isotropic PE angular distributions, the HOMO of x-Toc -is surprisingly symmetric. The small contribution on the methyl groups of /-Toc -breaks this symmetry, while the HOMO of -Toc -and -Toc -retains the symmetry. One might therefore expect that, if any anisotropy in the PE angular distribution were to be observed, it would be most prominent in -Toc -and -Toc -. However, the calculations were performed at 0 K, which assumes the methyl groups are rigid. At finite temperature, rotational freedom is likely to average out any PE anisotropy for [-Toc] -leading to an isotropic PE angular distribution. For [-Toc] -, which has only the meta-methyl group on the phenoxyl-ring, the HOMO is solely localised on the quinoidal ring such that the symmetry is retained which is reflected in the PE angular distribution as an observable anisotropy. While it can be difficult to confidently account for anisotropy differences, the experimental results clearly show a significant difference between -Toc -and the other x-Toc -species. A common cause discussed in the literature is that changes in anisotropy can result from differences in photodetachment cross-sections. 29 However, in the present case, the PE spectra of -Toc -and α-Toc -(and general electronic structure) are essentially identical, which suggests more subtle differences in electron density rather than differences in photodetachment cross-sections.
Based on the MOs in Figure 3 , removal of an electron from the HOMO will lead to structural changes involving primarily contraction of the C-O bonds and bond alterations in the ring. However, these changes are rather small as suggested by the simulated photodetachment spectra that are dominated by the 0-0 transition. The experimental spectral width in Figure 2 is therefore likely to be related to the finite temperature (~300 K) of the ions in the experiment. Although the chromane ring is probably planar and rigid, as evidenced by the observed anisotropy of the PE angular distribution of -Toc -, the long phytyl chain that extends from the molecule is flexible and may interact with the HOMO, leading to the observed spectral widths. We have recently observed similar interactions in the PE spectra of a deprotonated carboxylic acid group attached by an aliphatic chain to a phenyl group. 31 The interaction of an aliphatic chain with an aromatic ring has also been observed in experimental and computational studies of the ionization of neutral molecules. [32] [33] [34] Perhaps surprising is that the direct photodetachment from -Toc -shows the most significant broadening. This result is reconciled by considering the steric influence of the methyl groups.
For -Toc -, there is no steric hindrance for the phytyl chain to interact with the HOMO, while all the others, and in particular -Toc -, have methyl groups that do not have a high HOMO density that could restrict the interaction of the phytyl chain with the HOMO. Hence, the interaction of the phytyl chain with the HOMO may be expected to be largest for -Toc -. In a biological system, the hydrophobic phytyl chain is deemed not to interact with the antioxidant behaviour of vitamin E as its main role is to increase solubility in lipid membranes and so, unlike the gas-phase, the chain is likely to be well-solvated in the lipid membrane and noninteracting with the head-group.
The observed trends of the VDE and ADE are consistent with chemical and physical
properties of x-Toc -. Electron donor groups, such as methyl, tend to destabilize the O-H bond in phenol and enhance the stability of the corresponding phenoxyl radical. 35 This effect is demonstrated when comparing the measured rates of reactivity of the tocopherols, where the most bioactive component of vitamin E is α-TocH and the least active is the smallest δ-
TocH. An increase in number of substituted methyl groups causes an increased efficiency of 10 the relative H-atom donating abilities of the different tocopherols. This trend is approximately constant whether the rates were measured in organic solvents or detergent supported lipids. 6 The relative efficiencies of x-TocH in vitro appear similar, 8 while in vivo the increased antioxidant potency of α-TocH is due to preferential absorption by the liver. 6 A number of previous studies have presented estimates for the OH bond dissociation enthalpy (BDE) of the tocopherol family of molecules, [36] [37] [38] [39] [40] [41] which is directly linked to their antioxidant activity. Phenol has a higher BDE than any of the tocopherols, differing by +0.42 eV compared to the most active α-TocH, 37 and a reduced BDE of the OH has been used as the primary criterion in the search for more active antioxidants than the naturally abundant α-TocH. 42, 43 Our experiments have determined the ADE of x-Toc -, which is equivalent to the adiabatic electron affinity of x-Toc  , and can be used to provide a determination of the OH BDE by invoking a thermodynamic cycle proposed by Blanksby and Ellison. 44 For a general R-H bond,
where  acid H(R-H) is the enthalpy change for the reaction RH  R -+ H + , ADE(R) is the electron affinity of R, and IP(H) = 13.6 eV is the ionisation energy of the H atom. To the best of our knowledge, the value for Δ acid H of any x-TocH has not been determined and, as such, it
was not possible to determine the correct values using the above thermodynamic cycle.
Instead, we use the Δ acid H value of phenol (15.11 eV), 37 which has been well-documented and should be close to that for x-TocH. The calculated BDE are included in Table 1 and show that α-TocH has the lowest value, consistent with its highest antioxidant activity. The remaining tocopherols mimic the antioxidant reactivity trend described earlier, with the least biologically active δ-TocH having the highest BDE. We note that the cycle can also be used 11 to verify the ADE of the phenoxy radical, which should be +0.42 eV relative to α-TocH. 37 This yields an ADE = 2.13 eV for the phenoxy radical, which compares very well with the measured value of 2.25 eV by Lineberger and coworkers. 45 Although an experimental determination of Δ acid H is desirable, this is beyond the scope of the present study.
Finally, we comment on the peak at higher eBE seen in the PE spectrum of /-Toc -.
Our calculations show the first excited state for all x-Toc  corresponds to excitation of HOMO -2 to the singly occupied HOMO, as shown in Figure 4 , and is situated about 1.5 eV above the doublet ground state. This state can be compared to the first excited state of the phenoxy-radical, measured at 1.06 eV using anion PE spectroscopy, 45 which reveals that the energy gap is larger in x-Toc  than the phenoxy radical. This is consistent with the fact that the the x-Toc  radical has a quinoidal electronic structure. Experimentally, it is surprising that there is such an observable difference in excited states of /-Toc  , compared to -Toc  and -Toc  . However, we note that there also an increase in PE signal at high eBE for -Toc  and -Toc  suggestive of a nearby excited state of the neutral, and the PE signal of these may be reduced because of threshold effects. 46 Alternatively, the differences in appearance of the PE spectra could be due resonances in the continuum. [47] [48] [49] However, this seems unlikely given that the electronic structures of x-Toc  are similar and the fact that the features are wellseparated. Nevertheless, performing these experiments at a range of photon energies could probe this possibility further.
Conclusions
In summary, we have presented photoelectron spectra complemented with electronic structure calculations of the four tocopheroxyl radicals responsible for the antioxidant action of naturally occurring vitamin E. The adiabatic detachment energies (equivalent to electron affinities) of α-, β-/γ-, and δ-Toc  have been determined and from these values the bond 12 dissociation energies have been estimated and found to be in good agreement with previous measured values. The trends noted in terms of physical and chemical properties and biological activity across the series are consistent with the photoelectron spectroscopy. Figure 2 . Photoelectron spectra taken at hv = 3.88 eV for α-(blue), β-/γ-(red) and δ-Toc-(green). Also included are calculated photodetachment spectra for the two isobaric species, β-and γ -Toc -, given in orange and red respectively. 
